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A multi-phase transport model is used to understand the origin of long-range collective azimuthal
correlations in small-system collisions. To disentangle between collectivity associated with initial-
state intrinsic momentum anisotropy and the collectivity arising as a final-state response to the
collision geometry, we studied the development of collectivity in 5.02 TeV p+Pb collisions with both
initial-state and final-state effects included. We find that the initial momentum anisotropy may not
be fully isotropized through parton interactions, and the final-state partonic collectivity in general
are correlated with both the initial momentum anisotropy and the shape of the collision geometry.
The initial momentum anisotropy also influences the event by event fluctuation of collective flow.
Therefore the mere evidence of geometry response of the collective flow can not rule out the presence
of large contributions from the initial state.
PACS numbers: 25.75.Gz, 25.75.Ld, 25.75.-q
In high-energy hadronic collisions, particle correlations
are important tools to study the multi-parton dynam-
ics of QCD in the strongly-coupled non-perturbative
regime [1]. Measurements of azimuthal correlations have
revealed a strong harmonic modulation of particle densi-
ties dN/dφ ∝ 1 + 2∑∞n=1 vn cosn(φ − Ψn), where vn and
Ψn represent the magnitude and the phase of the n
th-
order harmonic, and are often denoted by flow vector
Vn = vneinΨn [2]. The azimuthal correlations are found
to be collective, involving many particles spread over a
wide pseudorapidity range. Such azimuthal anisotropy
was first observed in large A+A collision system [2–5],
but are then observed and studied in small collision sys-
tems such as pp and p+Pb collisions at the LHC [6–13]
and p+Au, d+Au and 3He+Au collisions at RHIC [14–
19].
Although azimuthal anisotropy in A+A collisions is
naturally explained as a result of hydrodynamic collec-
tive expansion of the hot and dense matter produced
in the collision [20], the applicability of hydrodynamic
picture for the azimuthal anisotropy in small collision
systems such as pp or p+A collisions remains an open
question [21–23]. It has been argued that the size is too
small and life-time is too short for the matter in small
system to hydrodynamize and approach local isotropiza-
tion [24]. Instead, the azimuthal anisotropy may reflect
intrinsic long-range momentum correlations of the dense
gluon field right after the collision [25–27]. The current
debate is focused on the timescale for the emergence of
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collectivity: Is the collectivity born in the initial state,
developed during non-equilibrium transport before the
system hydrodynamizes, or arises even later when the
system can be described by hydrodynamics? The latter
two scenarios lead to a collectivity that correlates with
the initial spatial eccentricities, while the first does not.
The system produced right after the collision is highly
anisotropic in momentum space, and the strong inter-
actions among the constituents of the produce system
tend to isotropize this anisotropy [28, 29]. However,
the short life-time may prevent the produce matter to
fully isotropize before hadronization. In this case, the
collectivity of final-state particles may has contributions
from both initial momentum anisotropy and final-state
geometry-driven anisotropy [23, 30, 31]. In this Letter,
we investigate the possibility and consequence of coexis-
tence of initial-state and final-state effects using a trans-
port model for p+Pb collisions at
√
sNN = 5.02 TeV. We
show that the long-range azimuthal anisotropy for final-
state particles could be strongly modified by the initial
momentum anisotropy while it still maintains a strong
correlation with the initial spatial eccentricity. We find
that the short-range azimuthal anisotropy is sensitive to
microscopic mechanism for initial momentum anisotropy
or final-state non-equilibrium effects.
The model used for this study is a multi-phase trans-
port model (AMPT) [32]. The AMPT model is successful
in describing several features of small-system collectiv-
ity at RHIC and the LHC, over a wide range of colli-
sion species and energies [33–36]. It starts with Monte
Carlo Glauber initial conditions, the space-time evolu-
tion of the collision is modeled via strings and jets that
melt into partons, followed by parton scattering, parton
coalescence, and hadronic scattering. The collectivity is
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2generated mainly in the partonic scattering stage, known
as the Zhang’s Parton Cascade (ZPC), which leads to
an azimuthal anisotropy of final particles correlated with
the shape of the initial geometry. We use the setup of
Ref. [36] with a partonic cross-section of 3 mb.
In this Letter, we focus on the leading component of
azimuthal anisotropy, elliptic flow V2 = v2ei2Ψ2 . Since the
number of particles in each event is finite, the V2 can only
be estimated from the φ angle of the particles,
q2 ≡ q2ei2Ψobs2 = ⟨ei2φ⟩ , (1)
where the observed event plane Ψobs2 smears around the
true EP angle Ψ2 due to statistical fluctuations.
In the final-state scenarios, V2 is driven by the eccen-
tricity vector E2, which can be calculated from initial-
state coordinates (ri, φi) of the participant nucleons
E2 ≡ ε2ei2ΨPP2 = −⟨r2ei2φ⟩⟨r2⟩ , (2)
where the ΨPP2 is known as the participant plane (PP).
To precisely control the amount of initial momentum
anisotropy, a two-step procedure is used to prepare par-
tons entering the ZPC stage. We first randomize the φ
angle of all initial partons to eliminate any global ini-
tial momentum anisotropy (but the momentum distribu-
tion in local rest frame is generally anisotropic). This
step also removes any azimuthal anisotropy associated
with non-flow effects. We then rotate the parton φ an-
gle via the procedure described in Ref. [37] to produce
a fixed amount of initial elliptic anisotropy along a ran-
dom event-wise direction V ini2 = vini2 ei2ΨMP2 (MP stands
for momentum-plane). These partons then go through
the ZPC and later stages of the AMPT.
In this analysis, we focus on understanding the evolu-
tion of collectivity driven by the parton scattering pro-
cesses. To this end, we calculate and compare the v2 be-
fore and after the ZPC using partons in 0.3 < pT < 3 GeV
for p+Pb collisions at
√
sNN = 5.02 TeV. However, in or-
der to relate to experimental measurements, we present
the final results as a function of Nch, the number of
charged particles in pT > 0.4 GeV and ∣η∣ < 2.5, after
final hadronic transport.
The elliptic flow coefficient is calculated with both
two- and four-particle correlation methods. In the two-
particle correlation method, we calculate
c2{2} = ⟪ei2(φa1−φb2)⟫ = ⟨v22⟩ (3)
where partons a and b are chosen from two subevents
according to −2.5 < ηa < − 2.53 and 2.53 < ηb < 2.5, and the⟪⟫ represent averaging over all pairs in one event then
over all events. The large gap between the two subevents
reduces the short-range correlations. The flow coefficient
from two-particle cumulant, v2{2} ≡ √c2{2} = √⟨v22⟩,
measures the root-mean-square values of v2. Similarly
we also calculate v2 using four-particle correlations with
the same two subevents [38]:
c2{4} = ⟪ei2(φa1+φa2−φb3−φb4)⟫ − 2⟪ei2(φa1−φb2)⟫2= ⟨v42⟩ − 2 ⟨v22⟩2 (4)
From this we define the four-particle elliptic flow coeffi-
cient v2{4} as
v2{4} = (−c2{4})1/4 = (2 ⟨v22⟩2 − ⟨v42⟩)1/4 (5)
which is sensitive to event-by-event fluctuation of elliptic
flow. Following Refs. [39, 40], we characterize the relative
strength of flow fluctuation using a cumulant ratio,
nc2{4} ≡ c2{4}/c2{2}2 = −(v2{4}/v2{2})4 (6)
To further quantify the influence of initial momentum
anisotropy and geometry response to the final elliptic flow
signal, we also perform a detailed study of the angular
correlation between the MP or the PP and the EP of the
final-state elliptic flow. The correlation between PP and
the EP is calculated as
⟨cos 2(ΨPP2 −Ψ2)⟩ =
¿ÁÁÁÀ⟨cos 2(ΨPP2 −Ψobs,a2 )⟩ ⟨cos 2(ΨPP2 −Ψobs,b2 )⟩⟨cos 2(Ψobs,a2 −Ψobs,b2 )⟩ .
(7)
where Ψobs,a2 and Ψ
obs,b
2 are the observed EP in subevent
a and b, respectively. The denominator represents a reso-
lution factor, obtained from the correlation between the
two subevents, which corrects for the smearing of ob-
served EP from the true EP.
Similarly the correlation between the MP for the initial
partons and the EP for the final partons is calculated as:
⟨cos 2(ΨMP2 −Ψ2)⟩ =
¿ÁÁÁÀ⟨cos 2(ΨMP2 −Ψobs,a2 )⟩ ⟨cos 2(ΨMP2 −Ψobs,b2 )⟩⟨cos 2(Ψobs,a2 −Ψobs,b2 )⟩ .
(8)
The top and middle rows of Fig. 1 show the two-
particle correlation function for partons in relative az-
imuthal angle ∆φ and pseudorapidity ∆η before (top
row) and after the ZPC (middle row). The correlation
function is constructed in the highest multiplicity p+Pb
collisions (Nch > 150) as the ratio between pair distri-
bution from the same event and pair distribution from
mixed events [10]. When the initial anisotropy is set to
zero vini2 = 0 (Fig. 1(a) ), the distribution is uniform in
∆φ. The peak around ∆η = 0 reflects the short-range
correlation which is randomized in φ but is preserved in
η. After the ZPC (Fig. 1(b)), an azimuthal anisotropy
develops that appears as a double-ridge at ∆φ ∼ 0 and
∆φ ∼ pi extending to large ∆η. On top of the double-
ridge are two short-range peaks with different amplitudes
at the near and away side. It is interesting to point out
3that without final-state interactions, such short-range az-
imuthal anisotropy, usually associated with “non-flow”,
would not show up in Fig. 1 (b).
The azimuthal structures of the correlation func-
tion is quantified by the Fourier coefficients, vn{2}2 =⟨cosn∆φ⟩, as a function of ∆η in Fig. 1(c). The short-
range structure in Fig. 1(b) is reflected by the narrow
peak of vn{2} around ∆η = 0, on top of a broad distribu-
tion associated with the double-ridge in the correlation
function. The short-range component in vn{2} appears
only after parton scatterings. The broad component in
vn{2} shows a slow decrease with ∆η, which can be at-
tributed to the longitudinal decorrelation effects [41, 42].
In a transport picture, two partons with a large η sep-
aration are causally disconnected and should interact in-
dependently with the medium. Therefore, the azimuthal
correlation between these two partons arises only through
a response to a common geometry shape, leading to the
long-range double ridge. For long-range correlations, this
mechanism is indistinguishable from a geometry response
driven by hydrodynamics. In contrast, the correlation of
two partons close to each other in η is directly sensi-
tive to the non-equilibrium microscopic scattering pro-
cesses. The width of the short-range peak reflects the
diffusion of the parton in rapidity via random scattering,
in a way similar to hydrodynamic fluctuations [43]. The
amplitude of the short-range peak reflects the amount
of residual correlation not isotropized by the scattering
process. Therefore, the long-range and the short-range
correlations together can better constrain hydrodynamics
or non-equilibrium transport: the long-range correlation
constrains the overall strength of the geometry response,
while the short-range correlation is sensitive to the non-
equilibrium dynamics.
The right column of Fig. 1 show the case for vini2 = 0.1.
Despite the large initial momentum anisotropy, it only
has a modest impact on the correlation function. The
corresponding vn values increase slightly at large ∣∆η∣,
while they increase more strongly at ∆η ∼ 0, such that
the short-range peak is more evident.
To quantify the final azimuthal anisotropy after ZPC,
we calculate the v2{2} and v2{4}, and study them as
a function of Nch. To minimize multiplicity fluctua-
tions, the results are calculated for events with the same
Nch and then averaged to obtained results in a finite
range of Nch. Figure 2(a) shows the Nch dependence
of v2{2}. When vini2 = 0, the v2{2} values show a mono-
tonic increase with Nch, reflecting a dominant contribu-
tion from eccentricity-driven collective flow. However, as
vini2 is increased, the v2{2} also increases. The increase is
strongest at low Nch region, and is weaker at large Nch
region. This behavior implies that at the low Nch region,
initial momentum anisotropy dominates the collectivity
after the ZPC. At the large Nch region, the initial mo-
mentum anisotropy still has up to a 10% contribution to
the final v2{2}.
Figure 2(c) shows the correlation between the phase for
initial-state partons and the phase for final-state partons:
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FIG. 1: The two-particle correlation in ∆φ and ∆η for ini-
tial partons with vini2 = 0 (top-left) and vini2 = 0.1 (top-right)
and for final partons after transport with vini2 = 0 (middle-left)
and vini2 = 0.1 (middle-right). The bottom panels shows the
vn(∆η) for n=2–4 calculated from the corresponding correla-
tion functions in the middle panels.
cos 2(ΨMP2 − Ψ2) (Eq. 8). At the low Nch region, the
correlator is close to unity, suggesting that the initial
momentum anisotropy can easily survive and dominate
the final-state elliptic flow. At the high Nch region, the
correlation decreases but is still quite large for the vini2
values considered. This implies that the final parton’s
Ψ2 could be strongly biased by the initial momentum
anisotropy.
Figure 2(d) shows the correlation between the phase
of the initial eccentricity and phase of the elliptic flow
of final-state partons: ⟨cos 2(ΨPP2 −Ψ2)⟩ (Eq. 7). When
vini2 = 0, the correlation decreases with Nch, which can be
attributed to the fact that ε2 values also decrease strongly
with Nch [44]. It is more interesting to focus on the trend
of the correlator when vini2 value is increased. For large
vini2 , the correlator value is dramatically decreased in the
low Nch region, and the decrease is smaller at larger Nch.
This suggests that the Ψ2 is more influenced by the initial
momentum anisotropy in the low Nch region, and but is
less influenced in the high Nch region.
4Finally, Fig. 2(b) shows (v2{4}/v2{2})4, the cumulant
ratio calculated via Eq. 6. The negative (v2{4}/v2{2})4
values simply imply that v2{4} values become imaginary.
The sign and Nch-dependent trend of this observable is
found to depend on the vini2 . In particular, large v
ini
2
could lead to a negative c2{4} and therefore real v2{4}
value. Results in Fig. 2(b) imply that the nature of the
event-by-event flow fluctuation can be strongly modified
in the presence of initial momentum anisotropy.
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FIG. 2: The Nch dependence of final state flow v2{2} (top-
left), the relative event by event flow fluctuation via cumulant
ratio (v2{4}/v2{2})4 (top-right), angular correlation between
the phase of final parton flow and the phase of initial momen-
tum anisotropy (bottom-left), angular correlation between the
phase of final parton flow and the PP (bottom-right) for dif-
ferent input values of initial flow.
To further investigate the interplay between the initial
momentum anisotropy and geometry-driven flow in the fi-
nal state, two additional tests with vini2 = 0.05 are carried
out. In the first test, the phase of the initial flow ΨMP2 is
generated to align with the PP: ΨMP2 = ΨPP2 , while in the
second test the ΨMP2 is generated to be perpendicular to
the PP: ΨMP2 = ΨPP2 + pi/2. The results from these tests
are shown in Fig. 3. When ΨMP2 is aligned with the Ψ
PP
2 ,
final-state elliptic flow has larger values (panel a) and its
correlations with both ΨMP2 and Ψ
PP
2 are stronger (panel
c and d), and the (v2{4}/v2{2})4 values are positive due
to coherent enhancement of elliptic flow from vini2 (panel
b). When ΨMP2 is perpendicular to Ψ
PP
2 , opposite trends
are observed: final-state elliptic flow has smaller values
and its correlations with both ΨMP2 and Ψ
PP
2 are weak-
ened, and the (v2{4}/v2{2})4 values become negative.
Recently, the possibility for a further scan of small col-
lision systems at RHIC and LHC has been discussed [45–
49]. The system scan at fixed
√
sNN varies mainly the
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FIG. 3: The Nch dependence of final state flow v2{2} (top-
left), the relative event by event flow fluctuation via cumulant
ratio (v2{4}/v2{2})4 (top-right), angular correlation between
the phase of final parton flow and the phase of initial momen-
tum anisotropy (bottom-left), angular correlation between the
phase of final parton flow and the PP (bottom-right) for input
initial flow vini2 = 0.05 with three different ways of generating
the phase ΨMP2 : random, parallel Ψ
MP
2 = ΨPP2 and perpendic-
ular ΨMP2 = ΨPP2 + pi/2.
size and shape of the initial fireball, while RHIC-LHC
energy scan for a fixed system such as O+O provides a
setup with the same nucleon geometry but much larger
parton densities at LHC. Therefore such system and en-
ergy scan allow us to vary the role of initial momentum
anisotropy, non-equilibrium transport and hydrodynam-
ics, and then study the change in vn. For example, the
ordering of vn at fixed Nch between different systems or
different energies can provide additional sensitivity on
the initial momentum anisotropy, if such ordering do
not follow the expected scaling from initial eccentrici-
ties (see Fig. 2(a)). Furthermore, since the long-range
correlation constrains the overall strength of the geom-
etry response and the short-range correlation constrains
the non-equilibrium dynamics (see Fig 1), a simultaneous
study of the long-range and short-range correlations can
be used to disentangle two competing geometry response
models based on non-equilibrium transport or hydrody-
namics.
In summary, we studied the influence of the initial mo-
mentum anisotropy to the geometry-driven collective flow
in p+Pb collisions at 5.02 TeV using the AMPT transport
model. We find that the initial momentum anisotropy
may not be fully isotropized during partonic transport,
and the final collective flow is correlated with directions
of both the initial momentum anisotropy and the geo-
5metrical eccentricity. The presence of initial momentum
anisotropy also changes dramatically the strength of the
event-by-event flow fluctuations. Therefore, the mere evi-
dence of geometry response of the collective flow can not
rule out presence of large contribution from the initial
state. A more comprehensive small system scan mapping
out detailed pseudorapidity structures of two- and multi-
particle correlation observables are necessary to quantify
the contributions from different scenarios.
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